We have shown that 3-nitropropionate, an isoelectronic analogue of succinate, is a suicide inactivator of succinate dehydrogenase [succinate:(acceptor) However, the precise mechanism of inactivation, as well as mechanistic extrapolations to the oxidation of succinate, must await the elucidation of the structure of the modified enzyme. We can now explain the toxicity of plants such as Indigofera endecaphylla for mammals and fowl as being due to the irreversible blockage of the Krebs cycle by 3-nitropropionate carbanion.
Nitroalkanes are good substrates for the flavoenzymes D-amino acid oxidase, glucose oxidase, and L-amino acid oxidase (1) (2) (3) (4) (5) . The nitroalkane carbanions are many orders of magnitude more reactive than their conjugate carbon acids and, in one case (6) , even more reactive than the best physiological substrates (e.g., nitroethane anion compared to glucose with glucose oxidase). Most importantly, and in contrast to any physiological substrate, the chemical mechanism of the enzymic oxidation of nitroalkanes is understood in great detail. For D-amino acid oxidase and nitroethane, it was shown (2) that the substrate carbanion attacks the flavin at N-5 in the rate-determining step to form a covalent adduct (pathway 1 in Eq. 1) from which nitrite is eliminated rapidly to form a highly reactive N-5 iminium adduct. In the normal catalytic cycle (pathway 2 in Eq. 1) the iminium is rapidly hydrated to form an N-5 carbinolamine from which reduced flavin is also rapidly eliminated to form the product acetaldehyde. However, the pivotal N-5 iminium intermediate, as would be expected, is highly reactive with a variety of nucleophiles in addition to H20 (2, 5) . Those having unbonded electron pairs (such as NH3, NH20H, and mercap- tans) lead to productive turnover (5) , whereas external nucleophiles such as CN-, other carbanions, and H-(X: in Eqs. 1 and 3) react irreversibly with the iminium species to form stable tetrahedral N-5 adducts and thereby inactivate the enzyme (pathway 3 in Eq. 1). Indeed, it was the use of CN-in this way, after determination of the structure of the tetrahedral N-5 cyanoethyl adduct and interpretation of the transient kinetics of its formation by rapid reaction techniques, that permitted the entire chemical mechanism of oxidation of nitroethane to be deduced (2) .
We were prompted to examine the reaction of 3-nitropropionate with the membrane-bound metalloflavoprotein succinate dehydrogenase [succinate:(acceptor) oxidoreductase, EC 1.3.99.1] of mitochondria for two reasons. First, 3-nitropropionate is isoelectronic with succinate (Eq. 2). -'C-CH2-CH2-N'--'C CH,-CH,-C'-0'S~~~~~~~~,\'0o \;I0 [2] Second, it occurred to us that, in contrast to D-amino acid oxidase and nitroethane (2) The costs of publication of this article were defrayed in part by the payment of page charges. This article must therefore be hereby marked "advertisement" in accordance with 18 U. S. C. §1734 solely to indicate this fact.
The enamine would be stable under nonacidic conditions and its formation would therefore result in the inactivation of succinate dehydrogenase in the absence of external nucleophiles of class X:. We find that 3-nitropropionate, as its carbanion, is indeed a specific, time-dependent, and irreversible inhibitor of rat liver mitochondrial succinate dehydrogenase in the absence of external nucleophiles of type X:. Although, as we shall note, steps 1 and 4 of Eq. 3 do not represent a unique mechanistic hypothesis for inactivation of the dehydrogenase at this stage of the investigation, they have guided our reasoning from the inception of these studies and have led to the discovery of 3-nitropropionate as a useful probe of succinate dehydrogenase mechanism. Furthermore, our results provide the molecular basis of the toxicity of the legume Indigofera endecaphylla for fowl (7) and mammals (8) , which has been attributed for over 20 years to an unknown biochemical effect of 3-nitropropionate (9, 10).
MATERIALS AND METHODS
Mitochondria were isolated from the livers of male SpragueDawley (Charles River) albino rats, weighing about 300 g. The livers were minced in an ice-cold medium consisting of 225 mM mannitol, 75 mM sucrose, and 0.1 mM EDTA at pH 7.4, homogenized in a motor-driven Potter-Elvehjem apparatus with a Teflon pestle, and then centrifuged for 7 min at 2000 rpm (480 X g) in an SS-34 rotor in a Sorvall RC2-B centrifuge at 40 to remove nuclei and debris. Mitochondria were pelleted by centrifugation for 14 min at 8000 rpm (7710 X g). The pellet was resuspended by hand in the mannitol/sucrose/EDTA mixture and centrifuged for 7 min at 8000 rpm. This fraction was washed twice in the mannitol/sucrose mixture lacking the EDTA. The mitochondria were then suspended in the mannitol/sucrose mixture at a final concentration of 50-100 mg of protein per ml. Protein concentration was estimated by the biuret method with crystalline bovine serum albumin as standard (11 results. Sodium ADP, rotenone, and bovine serum albumin were from the Sigma Chemical Co., while CCCP was a gift from P. Heytler. All other reagents were of analytical grade.
RESULTS
When mitochondria are added to a solution containing succinate and 02, the rate of 02 consumption remains constant until more than 90% of the 02 is consumed because of the very small Km value of cytochrome oxidase for 02 (13) . In the presence of 3-nitropropionate carbanion, the rate of 02 consumption decreases exponentially from the initial control value to a final value of zero (Fig. 1 ). This inhibition pattern can be duplicated by a second addition of mitochondria, showing that the inhibition is not due to an accumulated product of 3-nitropropionate metabolism. The subsequent addition of succinate has no effect, other than that of slowing the rate of inhibition of succinate dehydrogenase observed when a further aliquot of mitochondria is added (Fig. 1) . These experiments were carried out in the presence of rotenone (14) to prevent inhibition of the dehydrogenase by oxalacetate (15) . CCCP was also present to ensure uncoupling and equilibration of intra-and extra-mitochondrial pH (16) , even though respiratory control is not observed at the pH (8.5) at which the experiments of Fig. 1 were conducted. We chose pH 8.5 for the protocol of Fig. 1 because the nitropropionate carbanion, with a pK5 value of 9.1 (17) , reprotonates at C-3 sufficiently slowly at pH 8.5 to allow for repeated additions of mitochondria. At pH 8.3 and 250 the structurally similar nitroethane carbanion has a half-life of 54 min (2), which, subject to buffer catalysis (6), decreases 10-fold for each unit decrease in pH. Fig. 2 shows the apparent first-order rate constant, kobs, for decay of succinate dehydrogenase activity and also the number of turnovers of the mitochondria (i.e., the amplitude of the bursts of 02 consumption illustrated in Fig. 1, expressed We have confirmed the irreversibility of the inhibition of succinate dehydrogenase by 3-nitropropionate by comparing its action with that of malonate, which is a competitive but entirely reversible inhibitor. Thus, when mitochondria, the succinate dehydrogenase activity of which had been inhibited by 3-nitropropionate carbanion, were centrifuged and washed, the dehydrogenase remained inhibited for at least 10 hr. Malonate-treated dehydrogenase, after the same washing procedure, recovered full activity and malonate protected the dehydrogenase from inhibition by 3- 4.0 12 3.0 3.6 Four ice-cold and air-equilibrated 20-ml solutions (1, 2, 3, and 4, see second column) were prepared, containing 225 mM mannitol, 75 mM sucrose, and 50 mM Tris-HCl, pH 7.7. Solution 1, control; solution 2, 3-nitropropionate carbanion (2 mM) was added; solution 3, 3-nitropropionate carbanion (2 mM) and malonate (2 mM, as Tris salt, pH 7.7) were added; solution 4, malonate (2 mM, as Tris salt, pH 7.7) was added. Mitochondria (50 mg of protein) were then added to each of the four ice-cold solutions and incubated for 5 min. In solutions 2 and 3, the 3-nitropropionate carbanion was added just prior to the mitochondria, because of the rapidity with which it reprotonates at pH 7.7. After the 5-min incubation, the mitochondria were pelleted at 7710 X g for 7 min and then twice suspended in 20 ml of ice-cold solution 1 and finally pelleted. The mitochondria were then suspended in 0.8 ml of solution 1 and assayed with the 02 electrode at pH 7.4, using 10 mM succinate plus 5 MM rotenone (assay A in first column), 10 mM glutamate/malate (assay B), or 10 mM 2-ketoglutarate (assay C) and 2 mg of mitochondrial protein in each case. ADP was added (to obtain state 3 respiratory rates) at a concentration of 0.4 mM. Examples of the 02 electrode experiments, as well as the complete experimental protocol for these assays, are given in Fig. 3 . State 3 (plus ADP) and state 4 (minus ADP) respiration, as well as the respiratory control ratio (RCR), are defined according to Chance and Williams (18 (20) showed that 3-nitropropionate is a competitive inhibitor of the'succinoferricyanide oxidoreductase activity of Keilin-Hartree particles from rat heart, with a Ki value of about 0.2 mM. This is 20 times greater than the Ki for malonate and about half of the apparent Km value for succinate. It is unlikely that a competitive inhibitor with this degree of affinity would explain the observed toxicity of 3-nitropropionate (7) (8) (9) (10) 3 -nitropropionate in purified and soluble preparations of beef heart.suecinate dehydrogenase and stated that 3-nitropropionate "progressively and irreversibly inactivates succinate dehydrogenase in a process which is antagonized by succinate or malonate." Although this statement is qualitatively accordant with the results reported here, the supporting evidence has not been published. Furthermore, the carbanion of 3-nitropropionate (now shown to be the inhibitor species) was not stated to be generated deliberately, and we would strongly suspect that the redox dyes used in the assay of purified succinate dehydrogenase would be easily reduced nonenzymically by 3-nitropropionate carbanion (20) , thus generating large blank rates which would complicate the kinetic interpretations. Therefore, while we credit the experiments of Hollocher (21) as being the first to suggest that the dehydrogenase might be irreversibly inhibited by 3-nitropropionate, we regard the studies reported herein as a clear and documented demonstration of the biochemical basis of the toxicity of 3-nitropropionate. We were influenced to assay succinate dehydrogenase through the mitochondrial respiratory chain in order to specifically avoid the technical complications that cyanide and redox dyes are likely to cause in other assay protocols required for purified dehydrogenase.
3-Nitropropionate is surprisingly widely distributed in nature. It and/or its glycosides have been isolated from such toxic plants as Indigofera endecaphylla (9, 10) and I. spicta (22) , Hiptage madablota (23) and H. benghalensis (23) , Viola odorata (17), Cornacarpus laevigate (23) , and at least five species of Astragalus (24, 25) . It is also synthesized by the fungi Aspergillus flavus (17), A. orysae (26) , and Penicillium atrovenetum (12) . The so-called locoweeds or poison vetches of the Astragalus genus are generally richer in the fl-D-glucoside of 3-nitropropanol (aptly called miserotoxin) than in 3-nitropropionate (24, 25, 27) . However, miserotoxin might be expected to be metabolized to 3-nitropropionate. The physiological role, if any, of 3-nitropropionate in these genera is not clear. However, insofar as ingestion of these species by mammals and other animals is concerned, about 1% of 3-nitropropionate in systemic circulation and in the tissues would exist as the carbanion at physiological pH (17) . This would probably be amply sufficient, after'ingestion of 3-nitropropionate, to cause irreversible inhibition of succinate dehydrogenase and thereby account for its toxicity and inhibition of cellular respiration (28) .
Our interest in the reaction of 3-nitropropionate with succinate dehydrogenase was motivated generally by the advance that studies of nitroalkane carbanions have contributed to our understanding of flavoenzyme catalysis (1) (2) (3) (4) (5) (6) and, specifically, by the possibility that internal collapse of the covalent N-5 iminium adduct might be catalyzed by general base abstraction of the 2-hydrogen as a proton (pathway 4 of Eq. 3). This would lead to the' N-5 enamine adduct which, being resistant to attack by H20, would explain the irreversible inhibition of the enzyme. Bloch and his colleagues, after their discovery of the irreversible inhibition of 3-hydroxydecanoyl thioester dehydrase by allenic and acetylenic compounds (which now stands as the prototype of suicide inactivation), have described a closely analogous, and remarkably stable, enamine resulting from the reaction of allenes with histidine derivatives (29) . No such pathway is available to a flavoprotein oxidase such as D-amino acid oxidase (which oxidizes its substrates at a single carbon) and as a consequence this enzyme can only be inactivated during oxidative turnover of nitroalkanes by external nucleophiles such as cyanide (pathwpay 3, Eq. 1). Thus far, our results with succinate dehydrogenase are entirely consistent with the internal collapse mechanism because, clearly, no external nucleophile is required to obtain irreversible inhibition by the cirbanion of 3-nitropropionate. According to this review, pathway 4 in Eq. 3 must be much faster than pathway 2, be-cause we have not detected any respiratory activity with either 3-nitropropionate carbanion or its conjugate carbon acid (although these may still be very poor substrates for succinate dehydrogenase). Whether pathway 3 of Eq. 3 can exist in competition with pathway 2 is a moot point at the present because the external nucleophiles (e.g., X: = CN-or H-) would themselves block the respiratory chain through which we monitor the dehydrogenase. However, the effects of such nucleophiles on purified succinate dehydrogenase will be of considerable interest because, in contrast to D-amino acid oxidase and nitroethane (2) , the resulting tetrahedral N-5 adduct may well be catalytically active if the dehydr6genase removes both the C-3 and C-2 hydrogens as protons (see below).
If pathway 4 of Eq. 3 is the correct explanation for our results, then, by extrapolation, we would propose that succinate dehydrogenase oxidizes succinate by first abstracting the 3-hydrogen as a proton to form a 3-carbanion (analogous to the 3-carbanion of 3-nitropropionate which we generate by OHtreatment in the experimental protocol). Independent support for this view comes from the finding by Brodie and Nicholls (30) that the dehydrogenase catalyzes the anaerobic elimination of HF from 2,2-difluorosuccinate. Similar evidence for 2,3 elimination of HCI catalyzed by a number of flavoprotein oxidases from their 3-chloro substrates has been widely interpreted to support carbanion intermediates (5, 31, 32) . We then suppose that the succinate 3-carbanion forms an N-5 adduct with the flavin of succinate dehydrogenase from which the C-2 hydrogen is abstracted, also as a proton, as is shown in pathway 4 of Eq. 3 for the iminium adduct derived from 3-nitropropionate. However, in the case of the succinate reaction, abstraction of the C-2 hydrogen from the N-5 adduct as a proton will result in elimination of reduced flavin to generate fumarate (i.e., productive oxidative turnover) rather than irreversible inactivation. Clearly, an important test of the two-proton abstraction mechanism will be provided by determination of the structure of the flavin adduct derived from 3-nitropropionate, if such an adduct is found to be the cause of inhibition of succinate dehydrogenase by 3-nitropropionate carbanion.
Although, at this stage, we favor the inactivation mechanism of Eq. 3 for reasons developed herein, other schemes are clearly not ruled out. Thus, the formation of a highly stable nitropropionyl-flavin adduct in step 1 of Eq. 1, the trapping of an active site nucleophile by the putative N-5 iminium adduct of Eq. 3, the formation of an unusually stable iminium adduct, or the addition of the carbanion of 3-nitropropionate However, we regard the case for active site-directed suicide inactivation, though incomplete as yet, to be strongly supported by the close similarity between 3-nitropropionate and succinate (Eq. 2); the protection afforded by succinate and malonate ( Fig.   2 and Table 1 ), the saturation of kob5 for inactivation, the relatively high affinity of 3-nitropropionate compared to that of succinate (Fig. 2) , the fact that inhibition derives from a Vmax rather than a Km effect, and the high specificity for succinate dehydrogenase ( Fig. 3 and Table 1 ).
We may summarize these initial studies by stating that 3-nitropropionate carbanion is a very highly specific, time-dependent, and irreversible inhibitor of succinate dehydrogenase in intact rat liver mitochondria. No physiological function, other than blockage of Krebs cycle activity, appears to be involved, and in this respect our results agree with others which show that a variety of mitochondrial enzyme reactions are unaffected by 3-nitropropionate (33) .
